The results obtained in the present study indicate that AG8 cells, which are highly resistant to H 2 O 2 , are not crossresistant to the combination of I^CVL-histidine. In fact, once the influence of elevated catalase on the AG8 phenotype has been circumvented (by treatment of AG8 cells with aminotriazole), AG8 cells display essentially no crossresistance to the H 2 C>2/L-histidine cocktail while retaining considerable resistance to H 2 O 2 alone (when compared to wild-type AA8 cells). Although H 2 O 2 alone does not produce DNA double strand breaks (DSBs), this type of lesion was readily detected upon exposure of sensitive or resistant cells to the oxidant in the presence of the amino acid. Interestingly, similar levels of DNA DSBs were detected in AA8 and catalase-depleted AG8 cells. An excellent correlation was found when the cytotoxicity and the level of DNA DSBs obtained in sensitive and resistant cells (with normal or reduced catalase levels) challenged with the cocktail I^O^-histidine were compared. This would suggest that DSBs produced on a per cell basis always result in an equal level of toxicity, regardless of the cell type (resistant versus sensitive cell line), the lethality of each of these cell lines being dependent on the number of induced DSBs. In conclusion, the results presented here provide further evidence in support of the hypothesis that cell killing elicited by the combination of H 2 O 2 /L-histidine involves a mechanism distinct from that following treatment with H 2 O 2 alone. The fact that H 2 O 2 -resistant AG8 cells, which are not cross-resistant to agents promoting cell death via DNA DSB-induction, display collateral sensitivity to the cocktail HjO^-histidine, strongly suggests that cell killing triggered by this treatment is mediated by DNA double strand breakage.
Previous studies in our laboratory have focused on the mechanisms by which mammalian cells develop resistance to the cytotoxic and DNA-damaging effects of oxidants, and in particular of H 2 O 2 (1-4). One of a series of cell lines that we have developed in these studies, AG8, was highly (~17-fold) resistant to killing by H 2 O 2 , exhibited moderate (2-to 4-fold) cross resistance to a number of agents with differents modes of action such as tertiary-butyl, cumene hydroperoxides and
•Abbreviations: SSBs, DNA single strand breaks; DSBs, DNA double strand breaks; CHO, Chinese hamster ovary; CHEF, contour-clamped homogenous electric field.
© Oxford University Press the heavy metal salts CdCl 2 , NaAsO 2 and HgCl 2 , but was not cross-resistant to ionizing radiations as typified by l37 Cs gamma rays and 42 MeV neutrons (5) . In contrast to die former agents, cell killing by ionizing radiations is widely believed to be mediated by the DNA double strand breaks (DSBs*) that arise as a result of the localized deposition of energy sufficient to generate clusters of ionizations within a few base pairs of each other (6) (7) (8) . We (9,10) and others (11,12) also demonstrated that treatment of Chinese hamster ovary (CHO) cells with survival range concentrations of H 2 O 2 produced extensive numbers of DNA single strand breaks (SSBs) but did not produce detectable levels of DSBs. In the presence of L-histidine, however, the oxidant efficiently produced DSBs over the same concentration range in which markedly increased cytotoxicity was observed (13, 14) . This effect was detected in cells that were pre-incubated with L-histidine at 37°C regardless of whether the subsequent exposure to H 2 O 2 was performed at 37°C or at 4°C, indicating that cellular metabolism during the oxidant-exposure phase was not required for the production of DSBs or for the increased cytotoxic response (15) .
The above studies support the hypothesis that the cell killing caused by H 2 O 2 in the presence and absence of L-histidine involves two distinct mechanisms, and further suggest that the DSBs generated by the cocktail H2O 2 /L-histidine are causally related to the increased cytotoxicity of the combination treatment. As a further test of this hypothesis, we here report the effects of the same treatments on the survival of AG8 cells which, as discussed above, are generally resistant to hydroperoxides but are not cross-resistant to agents such as ionizing radiations that induce DSBs.
CHO (strain AA8) and H 2 O 2 -resistant (AG8, ref. 5) cells were grown in monolayer culture in McCoy's 5A medium (GIBCO, Grand Island, NY) supplemented with 10% fetal bovine serum (Seralab, Sussex, UK). Because the cytotoxicity of H 2 O 2 toward CHO cells is dependent on cell density (9), a constant cell density was used at the H 2 O 2 treatment stage. This was achieved by pre-plating 2.5 X10 5 AA8 cells into 60-mm tissue culture dishes and incubating them for 14 h at 37°C, during which time their number increased to between 4 and 5X10 3 . The treatment volume was also kept constant at 2 ml. Since AG8 cells have a slower rate of replication, seeding was performed with 3.5X10 5 cells/60 mm tissue culture dish. Figure 1 shows the survival curves of AA8 and AG8 cells treated for 60 min at 37°C in Saline A (0.14 M NaCl, 5 mM KC1, 4 mM NaHCO 3 , 5 mM glucose) with increasing concentrations of H 2 O 2 in the absence or presence of 1 mM L-histidine. Importandy, under these experimental conditions the amino acid was neither cytotoxic nor DNA-damaging in either cell line (not shown). As we previously reported (5) atalase activity was measured as described by Aebi (16) and is expressed in Sigma Units. ""Catalase depletion was achieved by treating AG8 cells for 6 h with 10 mM aminotriazole. *P < 0.0001 (by Student's /-test for unpaired samples) versus catalase activity of AA8 cells. No significant differences were seen between catalase activity of AA8 cells and aminotriazole pre-treated AG8 cells.
considers that about the same degree of cytotoxicity is produced by 150 nM H 2 O 2 in the parental AA8 cell line. The extent of the increase in cytotoxicity that accompanied the addition of L-histidine was much greater in AG8 than in AA8 cells; the dose-modifying factors calculated from the ratio of the IC50 values for cells treated with the combination of H 2 O 2 plus L-histidine versus cells treated with H 2 O 2 alone were ~5.5 and 2, respectively.
The H 2 O 2 -resistant phenotype of AG8 cells is known to be multifactorial (5) . One important feature of the AG8 phenotype is that these cells have approximately four times more catalase per cell than AA8 cells (Table I) . In order to compare the sensitivity of AA8 and AG8 cells to various treatments under conditions of equivalent catalase activity, we pre-treated AG8 cells with the catalase inhibitor aminotriazole. A 6 h treatment with 10 mM aminotriazole decreased the catalase activity of AG8 cells to a level similar to that observed in unmanipulated AA8 cells (Table I) . When aminotriazole-treated AG8 cells were subsequently exposed to H 2 O 2 alone, they still displayed a significant (although decreased) degree of resistance (Figure 1) . In marked contrast, when catalase-depleted AG8 cells were challenged with the combination of H 2 O 2 and L-histidine, survival was dramatically reduced, the survival curve being superimposable to that of the parental cells treated with H 2 O 2 plus L-histidine. Thus, when compared at equivalent levels of catalase activity (per cell), AG8 cells retained significant resistance to H 2 O 2 alone but displayed no collateral resistance to the combination of H 2 O 2 and L-histidine. Figure 2 shows the yield of DSBs induced in AG8 cells as a function of the H 2 O 2 concentration in the presence of 1 mM L-histidine under conditions of normal or reduced catalase activity (i.e. in cells pre-exposed to aminotriazole). In AG8 cells with normal catalase activity, DSBs became apparent at about 200 (iM H 2 O 2 and then increased linearly in a concentration-dependent fashion. Treatment of AG8 cells with reduced catalase activity also produced DSBs; the curve describing this process, however, was markedly shifted to the left, i.e. to lower H 2 O 2 concentrations. Interestingly, this curve was found to overlap with the dose-response curve obtained in the parental AA8 cell line following treatment with the combination of H 2 O 2 and L-histidine. obtained in different cell lines challenged with the cocktail H 2 O 2 /L-histidine (Figure 3 ) which strongly suggest that the level of DSBs produced on a per cell basis always resulted in an equal level of toxicity, regardless of the cell type (resistant versus sensitive cell lines), the lethality of each of these cell lines being dependent on the number of induced DSBs.
In conclusion, the results presented here provide further experimental evidence in support of the hypothesis that cell killing elicited by H 2 O 2 /L-histidine involves a mechanism distinct from that following treatment with H 2 O 2 alone. Given the lack of cross-resistance of AG8 cells to ionizing radiations (5) , the data also suggest that those DNA DSBs generated by H2O 2 /L-histidine are related to the cytotoxic effects of this treatment and, more specifically, that DSBs mediate the cell killing elicited by H 2 O 2 /L-histidine.
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This investigation was supported by grants from CNR and AIRC % DNA ELUTED The results obtained in the present study indicate that AG8 cells are markedly resistant to the cytotoxic effects of H 2 O 2 , but are much less resistant to the combination of H 2 O 2 and L-histidine. In fact, once the influence of elevated catalase on the AG8 phenotype has been circumvented (by treatment of AG8 cells with aminotriazole) AG8 cells display essentially no cross-resistance to the H 2 O 2 /L-histidine cocktail while retaining considerable resistance to H 2 O 2 alone (when compared to wild-type AA8 cells).
There are a number of potential explanations for these data. One possibility is that L-histidine somehow enables the cells to overcome their resistance to H 2 O 2 -mediated cytotoxicity, i.e. that this represents an enhancing effect that is preferential for the resistant cell line. More likely is the possibility that these data reflect the fact that the types of cellular injury induced by H 2 O 2 in the presence and absence of L-histidine are quite different. Assuming that AG8 cells have developed defence mechanisms which specifically protect them against the H 2 O 2 -induced injury, we can conclude that this machinery does not recognize the potentially lethal lesions generated by the cocktail of H 2 O 2 /L-histidine. This again suggests that different modes of action are responsible for the toxic events elicited by the two treatments.
Another aspect of these data is revealed by the correlation plot relating the cytotoxicity and the level of DNA DSBs
